In this article we introduce the concept of ideal reversible polymer networks, which have wellcontrolled polymer network structures similar to ideal covalent polymer networks but exhibit viscoelastic behaviors due to the presence of reversible crosslinks. We first present a theory to describe the mechanical properties of ideal reversible polymer networks. Because short polymer chains of equal length are used to construct the network, there are no chain entanglements and the chains' Rouse relaxation time is much shorter than the reversible crosslinks' characteristic time. Therefore, the ideal reversible polymer network behaves as a single Maxwell element of a spring and a dashpot in series, with the instantaneous shear modulus and relaxation time determined by the concentration of elastically-active chains and the dynamics of reversible crosslinks, respectively. The theory provides general methods to (i) independently control the instantaneous shear modulus and relaxation time of the networks, and to (ii) quantitatively measure kinetic parameters of the reversible crosslinks, including reaction rates and activation energies, from macroscopic viscoelastic measurements. To validate the proposed theory and methods, we synthesized and characterized the mechanical properties of a hydrogel composed of 4-arm polyethylene glycol (PEG) polymers end-functionalized with reversible crosslinks. All the experiments conducted by varying pH, temperature and polymer concentration were consistent with the predictions of our proposed theory and methods for ideal reversible polymer networks.
Introduction
While most crosslinked polymer networks are heterogeneous and lack controlled structure, ideal covalent polymer networks have been recently reported. The ideal covalent networks feature welldefined lengths of polymer chains, crosslink functionalities and network architectures. 7, 8 To fabricate such networks, multi-arm (3 or 4-arm, typically) end-functionalized macromers of low molecular weight are mixed near the overlap concentration and crosslinked via a reaction of the end groups (Fig. 1a ). These ideal covalent polymer networks not only provide powerful tools to study structure-property relationships of crosslinked polymers but also give elastomers and gels with well-controlled mechanical properties such as elasticity, [9] [10] [11] mesh size, stretchability 1, 2, 10, 12, 13 and fracture toughness. 14 But due to the permanent nature of the crosslinks, these network do not exhibit any viscoelasticity. To obtain viscoelastic properties, reversible crosslinks can be introduced.
Reversible crosslinking motifs, which include dynamic covalent bonds, metal-ligand coordination, hydrogen bonding domains, Fig. 1 Schematics of (a) ideal covalent polymer network, featuring wellcontrolled network structure and permanent crosslinks; 1,2 (b) the proposed ideal reversible polymer network, featuring well-controlled network structure and reversible crosslinks; (c) quasi-ideal reversible polymer network, 3, 4 with reversible crosslinks but possibility of local defects and loops; and (d) entangled reversible polymer network, 5, 6 with reversible crosslinks and chain entanglements. electrostatic and hydrophobic interactions, and host-guest domains, [15] [16] [17] [18] have been extensively studied to design materials featuring self-healing properties, 19, 20 controlled stress-relaxations, 21, 22 bio-inspired adhesive behavior, 3, 23 and high fracture toughness. 24 Existing studies on reversible crosslinks are mostly based on measurements and modeling of single molecules, 25, 26 reversible crosslinks on membranes 27, 28 or reversible crosslinks in random polymer networks. 3, 5, [29] [30] [31] [32] Well-controlled polymer networks containing reversible crosslinks (as shown in Fig. 1b ) could facilitate better understanding of the reversible crosslinks themselves, and provide better controls over the physical properties of resultant networks. However, such well-controlled polymer networks with reversible crosslinks have rarely been synthesized or studied. [33] [34] [35] Non-ideal networks are ubiquitous in the literature. For instance, researchers at the Holten-Andersen group have used 4-arm polyethylene glycol (PEG) containing metalligand coordination moieties (pyridine and catechol) at the chain ends. 23, 36, 37 Upon the addition of metal ions, the PEG molecules are crosslinked to generate quasi-ideal reversible polymer networks with locally uncontrolled structures due to self-crosslinking between arms of the same macromer and crosslinking of more than two arms on the same metal ion (shown in Fig. 1c ). As another example, researchers at the Craig group have synthesized and characterized dimethyl sulfoxide-based poly-4-vinylpyridine (PVP) networks crosslinked by small pincer-like bifunctional molecules with metal-ligand groups at the ends. Given the high molecular weight of PVP used, these networks contain chain entanglements (shown in Fig. 1d ). 5, 6, 38 In this article we introduce the concept of ideal reversible polymer networks, which have well-controlled polymer network architectures similar to their covalent counterparts but feature reversible crosslinks ( Fig. 1b ). Unlike the entangled and quasi-ideal networks, 3, [39] [40] [41] there are no entanglements, other topological defects or point defects (crosslinks with different functionality) in these ideal reversible networks. Moreover, the networks exhibit time-dependent mechanical properties (i.e. viscoelasticity), due to the association and dissociation of the reversible crosslinks in them. We formulate a theoretical framework to quantitatively correlate the viscoelastic responses with the network architecture and properties of the reversible crosslinks. In this theory, the ideal reversible polymer networks are constituted of small endfunctionalized 4-arm macromers near the overlap concentration, of which half are functionalized with group A and half with group B. All arms of the macromers are non-entangled (below critical entanglement molecular weight) and of equal length. Functional groups A and B are complementary and can form reversible crosslinks with each other but not with themselves. At equilibrium, a pair of complementary groups can be either at the unbound state (A + B) or the bound state C, which corresponds to a crosslink in the network ( Fig. 2a ). 28 In the current theory, we use the Bell model 28 to characterize the association and dissociation of the complementary reversible crosslinks. The theory can also be extended to incorporate other models for dynamics of reversible crosslinks such as the Evans model. 42, 43 Consequently, the theory gives that the ideal reversible polymer networks possess the following time-dependent mechanical properties: (i) their viscoelasticity resembles a single Maxwell element with a spring and a dashpot in series, (ii) the equilibrium concentration of bound reversible crosslinks determines the instantaneous shear modulus of the Maxwell element, and (iii) the time scale for dissociation of the crosslinks determines the relaxation time of the Maxwell element. Only a single relaxation time is expected for the ideal reversible networks due to the absence of intra-chain or inter-chain entanglements (low molecular weight macromers near the overlap concentration), and the fact that any Rouse relaxation process will occur much faster than the dissociation of reversible crosslinks.
Based on this theory, we further develop a set of general methods: (i) to independently control the instantaneous shear modulus and relaxation time of ideal reversible networks by independently varying the equilibrium concentration of crosslinks and dissociation time, respectively; and (ii) to quantitatively derive the kinetic parameters of the reversible crosslinks including reaction rates and activation energies from macroscopic measurements of viscoelastic properties of the ideal reversible polymer networks.
In order to validate the theory and methods proposed, we synthesized and characterized a hydrogel composed of 4-arm polyethylene glycol polymers end-functionalized with 3-fluorophenylboronic acid groups (i.e., group A) and diol groups (i.e., group B), respectively. 33 The phenylboronic acid-diol reversible reaction is sensitive to pH and temperature, which can be varied to tune the kinetics of the reversible reaction. [44] [45] [46] [47] The 4-arm macromers with two different end-groups were mixed at equimolar ratio to form polymer networks around the overlap concentration of the macromers. The hydrogels were subjected to stress relaxation and small amplitude oscillatory shear tests in a rheometer to characterize its mechanical responses. All tests yielded viscoelastic behaviors of the reversible network equivalent to a Maxwell element, as predicted by the theory. The proposed method to independently control viscoelastic properties of ideal polymer networks were also validated experimentally. The concentrations of macromers were changed to control instantaneous shear modulus, while temperature and pH were varied to control both instantaneous shear modulus and relaxation time. The resultant changes of the network's viscoelastic properties quantitatively followed our theory's prediction. We further calculated the kinetic parameters of reversible crosslinks including reaction rates and activation energies from experimentally measured viscoelastic properties of the networks. The resultant values were consistent with previously-reported values.
Through a combination of theory and experiments, the current work not only lays the theoretical foundation for ideal reversible polymer network but also provide simple yet general methods to quantitatively control viscoelasticity of polymer networks (without the involvement of entanglements) and to measure kinetic properties of reversible crosslinks based on macroscopic mechanical properties. While reversible crosslinks have been widely used in the design of hydrogels with extraordinary mechanical properties 24, [48] [49] [50] [51] and hydrogel-based biomedical devices, [52] [53] [54] [55] we expect the current work will provide better understanding and control of reversible crosslinks and polymer networks. 3, 11, 36, [56] [57] [58] [59] [60] [61] In addition, the current study may shed light on how reversible polymer networks are controlled in biological systems. 15, 17, 21, 62, 63 Theory of ideal reversible polymer networks
Kinetics of reversible crosslinks
The overall association and dissociation of two complementary functional groups (schematically illustrated in Fig. 2a ) can be expressed as
where k + and k À are the rates for association and dissociation of the reversible crosslink, respectively. The equilibrium constant of the reaction is defined as K = k + /k À . It is common to assume that the kinetics of reversible crosslinks are reaction-limited (i.e., the diffusion rates of functional groups are much higher than the rates for forward and reverse reaction of the encounter complex). 3, 11, 28, 56, 59, 64, 65 Therefore, the association and dissociation rates of the reversible crosslink (k + and k À ) are determined by the forward and reverse reaction rates, which can be expressed based on the transition state theory and Arrhenius equation as
where k B T is the thermal energy scale (Boltzmann constant times absolute temperature), E A+ is the activation energy (energy barrier) and k 0+ is the pre-exponential factor for the forward reaction, and E AÀ and k 0À are the corresponding parameters for the reverse reaction. When mechanical force is applied on the bond, the energy landscape is assumed to be altered such that the activation energy for the reverse reaction decreases proportionally to the force applied, 28
with a bond-specific proportionality parameter g. If the applied deformation on the reversible polymer network is relatively small, the resultant gf can be much lower than E AÀ and thus the effect of applied force f on the dissociation rate is negligible.
Concentration of reversible crosslinks at equilibrium
Let N A and N B be the number of functional groups A and B (at unbound and bound states) per unit volume of the polymer network, respectively; and N C the number of crosslinks (bound state) per unit volume of the polymer network. N A , N B and N C are also the concentrations of the corresponding functional groups and crosslinks. The formation of the crosslinks is assumed to follow the following kinetic equation, 28
At equilibrium dN C /dt = 0. Then N C is given by
where K is the equilibrium constant of the reaction. In the current model N A = N B (i.e. A and B mixed at equimolar amounts). The conversion of functional group A is defined as p = N C /N A , which is equivalent to the conversion of group B. Based on eqn (5), the conversion can be expressed as
Concentration of elastically-active chains at equilibrium
The formation of a crosslink does not guarantee the formation of an elastically-active chain in the ideal reversible polymer network as illustrated in Fig. 3a . If only one arm of the macromer is crosslinked to the network, this macromer is a dangling end and does not contribute to the network's elasticity. If two arms are crosslinked to the network, the macromer will either act as a loop or a bridging chain, neither of which contribute to the network's elasticity. Only when 3 or 4 arms are crosslinked to the network the macromer will become elastically-active and contribute to the network's elasticity. The probabilities for a macromers to have three (P 3 ) or four (P 4 ) arms crosslinked to the infinite network are functions of the conversion p 66 P 3 = 4P out (1 À P out ) 3 (7a)
is the probability for a crosslink to lead to a dangling chain. 66 Since it is not possible to achieve a percolated network when P out is equal or greater than one, there is a threshold for the minimum value of conversion p min = 1/3 under which it is not possible to form a network. From eqn (6), we can further derive the condition to form a percolated network as N A K 4 0.75.
The concentration of elastically-active chains at equilibrium, u e , is then given by a weighted sum of the concentrations of macromers with 3 and 4 crosslinked arms. Specifically, macromers with 4 crosslinked arms contribute 4 elastically-active chains (one per arm) while those macromers with 3 crosslinked arms contribute 1.5 elastically-active chains (one half per arm), as described by Langley and Polmanteer. 66, 67 Therefore u e can be expressed as
When a network is formed, both N A and K are determined and thus the equilibrium conversion p is fixed. From the equation above it can be seen that u e is linearly related with the N C when conversion p is a constant.
Concentration of loading-bearing chains during stress relaxation test
Let's imagine we carry out a stress relaxation test on the ideal reversible polymer network by applying a constant shear strain of small magnitudeeon the network beginning at time t = 0 and measuring the resulting shear stress s(t) over time. The stressrelaxation shear modulus of the network is defined as,
Assuming affine deformation of the polymer network, the instantaneous shear modulus G 0 = G(t = 0) of the network can be calculated as
As time evolves (t 4 0), some of the elastically-active chains that carry load will dissociate and thus reduce the shear modulus of the network from G 0 to G(t). While new crosslinks and new elastically-active chains can form in the network, these newlyformed chains will not carry the load initially applied (Fig. 3b ).
Let's denote the number of load-bearing chains and load-bearing crosslinks per unit volume of the network as u load e and N load C , respectively. Assuming affine deformation of the load-bearing chains over time, we can express G(t) as,
Since the applied strain is small, we assume the force applied to load-bearing crosslinks does not affect the energy landscape of the crosslink nor its reverse rate constant (k À ). Therefore, the kinetic equation for N load C during the stress relaxation test is,
In addition, u load e and N load C are linearly related with each other, per eqn (8), as the stress relaxation test has no effect on the conversion. Therefore, we can further express the kinetic equation for u load e during stress relaxation test as,
Maxwell model of ideal reversible polymer networks By solving eqn (13) with the initial condition u load e (t = 0) = u e , we can calculate the evolution of the concentration of load-bearing chains in an ideal reversible polymer network during stress relaxation test as u load e (t) = u e exp(Àk À t)
By substituting eqn (14) into eqn (11) , the stress-relaxation shear modulus of the network is given by,
From eqn (15) , it can be seen that the ideal reversible polymer network behaves as a Maxwell element with instantaneous shear modulus G 0 = u e k B T and relaxation time constant t = 1/k À during a stress relaxation test (Fig. 3c ). As a linear viscoelastic material, the ideal reversible polymer network should follow the Maxwell model in other modes of small deformations as well. For example, if the ideal reversible polymer network undergoes a small-amplitude oscillatory shear test with frequency o, the measured storage modulus G 0 and loss modulus G 00 should follow the equations of a Maxwell model (Fig. 3d) ,
These results show that the ideal reversible polymer networks have identical mechanical responses as the transient polymer network model at the Green-Tobolosky limit. 30, 68 This convergence is not surprising since both models assume a single mechanism for stress relaxation, a constant dissociation rate of crosslinks at experimental timescales and affine deformation of elasticallyactive chains. Given the well-defined nature of the ideal reversible polymer networks, the theory is able to explain the physical origins of G 0 and t, and provide equations to predict their values based on physical parameters of the network and reversible crosslinks in a quantitative way.
Methods to control instantaneous shear modulus and relaxation time
The developed theory provides guidelines to tune the instantaneous shear modulus G 0 and the relaxation time t of an ideal reversible polymer network independently, as G 0 and t arise from different physical mechanisms. Here we outline a set of methods to independently control instantaneous shear modulus and relaxation time.
The instantaneous shear modulus of the network is solely controlled by the equilibrium concentration of elastically-active chains u e . By combining eqn (6), (8) and (11), it is possible to obtain an explicit but complex expression relating u e to the equilibrium constant K and concentration of functional group A, N A ,
where p is a function of N A and K per eqn (6) . Since the concentration of total 4-arm macromers equals N A /2, eqn (17) also relates the instantaneous shear modulus with macromer concentration. In Fig. 4a , we plot G 0 /k B T vs. N A for various values of K. The range of N A in Fig. 4a corresponds to typical concentrations of macromers near the overlap concentration. 69 The relation of G 0 and N A across the chosen range can be captured by the following scaling relation, where the scaling exponent m is a function of K (shown in Fig. 4b ). When K -N, m -1, which indicates that when all reversible crosslink are in the bound state, G 0 is linearly related to N A . This limiting case is equivalent to the ideal covalent network model. As shown in the inset of Fig. 4b , m ranges from 1.5 to 2.5, when K ranges from 25-200. Since m is positive, increasing the macromer concentration will yield an increase in G 0 . From eqn (18) , it is clear that G 0 can be tuned with the following three methods: Method 1 to control G 0 : with fixed macromer concentration, one can change the functional groups A and B on the macromers or the conditions of the network (e.g., temperature, pH) to change the equilibrium constant K and thus vary both the scaling component m and instantaneous shear modulus G 0 . Note that this method will also vary the relaxation time of the network, which will be discussed in the next section of the paper.
Method 2 to control G 0 : with fixed equilibrium constant K, one can directly vary the macromer concentration near the overlap concentration to tune G 0 . This strategy will not vary the relaxation time of the network. However, the range of tunable G 0 is relatively limited in this strategy since the macromer concentration needs to be around overlap concentration.
Method 3 to control G 0 : for a fixed equilibrium constant K, one can change the molecular weight of the macromer M while maintaining the macromers at the overlap concentration. The pervaded volume of a macromer V scales with the macromer molecular weight by V p M 3u , where u is a scaling exponent that depends on the solvent quality. The value of u is approximately 0.6 for polymers in a good solvent, such as PEG in aqueous solution. 69 Furthermore, at the overlap concentration, the macromer concentration and macromer pervaded volume scales as N A p V À1 . Therefore, we can obtain a scaling between instantaneous shear modulus G 0 and macromer molecular weight M at the overlap concentration,
Compared with Method 2, this method can give a larger tunable range for G 0 , since the molecular weight of the macromers can varied significantly (up to the entanglement molecular weight). Furthermore, similar to method 2, changing M will not vary the relaxation time of the network.
From the theory section, the relaxation time t for the reversible network is only determined by the dissociation rate of the reversible crosslink, k À . Therefore, we can use the following strategy to tune t. One can change the functional groups A and B or the network conditions (e.g., temperature, pH) to vary k À and thus vary t, since t = 1/k À . It is important to note that adjusting k À will change K, so the scaling component m and instantaneous shear modulus G 0 will also change. Therefore, to maintain G 0 constant while tuning t, it is necessary to vary the macromer concentration and/or molecular weight accordingly.
The methods to control G 0 and t introduced here are general for all ideal reversible network regardless of the reversible bond type used. For quasi-ideal and entangled networks, such as those systems used in past literature, 3, 4, 31, 32, 36, 56, 58, 59 the methods will be applicable in a qualitative way only.
Method to measure kinetic parameters of reversible crosslink from macroscale mechanical tests
The theory of ideal reversible network further allows one to quantitatively measure the kinetic parameters of reversible crosslink including association and dissociation rates (k + , k À ) and activation energies for forward and reverse reactions (E A+ , E AÀ ) from macroscale mechanical tests of the network (i.e. G 0 and t data).
For a given ideal reversible polymer network in an aqueous environment, the macromer concentration N A /2 and network parameters such as temperature T are known. From the stress relaxation test or the small-amplitude oscillatory shear test, we can measure G 0 and t at various temperatures. From the measured t, we can calculate the dissociation rate k À = 1/t at various temperatures. Then, by fitting eqn (2b) to the curve of k À vs. T, we can obtain the activation energy for reverse reaction E AÀ .
On the other hand, from the macromer concentration we can determine N A . This can be used with G 0 values at various temperatures to calculate K at the corresponding temperatures through eqn (6) and (17) . Since k À at various temperatures are known, we can calculate the corresponding association rates k + = Kk À . Thereafter, by fitting eqn (2a) to the curve of k + vs. T, we can obtain activation energy for forward reaction E A+ .
Materials and methods
To validate the theory of ideal reversible polymer network and the consequent methods to tune and measure properties of the network, we have selected, synthesized and studied a model hydrogel system.
In this work, we chose a 4-arm PEG-based reversible hydrogel system analogous to the 4-arm PEG-based ideal covalent networks developed by Sakai, Shibayama and colleagues. 1, 2, 9, 10 These networks contained very low amounts of entanglements and defects since the macromers behave as space-filling blobs that form a regular percolated network around the overlap concentration. 1 To implement reversible crosslinking, we introduced 3-fluorophenylboronic acid functional groups (i.e., A group) and diol functional groups (i.e., B group) to the PEG macromers (Fig. 5 ). The dynamic covalent phenylboronic acid-diol chemistry was selected due to ease of synthesis, detailed molecular understanding of bonding kinetics and ability to tune the bonding kinetics by changing pH, temperature or the substituents on the phenyl ring. [44] [45] [46] [47] 70 While this reaction was not strictly bimolecular, Fig. 5 Chemical structure of the reversible crosslink. Two endfunctionalized 4-arm PEG molecules bond reversibly through phenylboronic acid-diol complexation chemistry, which is highly specific, reversible at experimental timescales, and sensitive to pH and temperature. we used the conditional (or effective) formation constant framework to account for the effects of pH on the reversible reaction. 46 Then, the reversible crosslinking could be described as a single reaction with unique equilibrium constant, forward and reverse rate constants (K, k + and k À , respectively) at a fixed pH. The functionalized PEG components were synthesized following the protocol published by Yesilyurt et al. 33 Briefly, amino-terminated 4-arm PEG (5k or 10k, Jenkem Technologies) was conjugated to either D-gluconolactone or 4-carboxy-3fluorophenylboronic acid (Sigma). The purified PEG-Diol and PEG-FPBA products were freeze-dried and stored at À20 1C until use. Separate PEG-Diol and PEG-FPBA solutions (with concentrations ranging from 15 to 25 mM) were made in 1Â PBS buffer (pH 7.5, adjusted with 1 M NaOH). Additional amounts of 0.1 M NaOH were added to each solution to control the final pH of the hydrogel. The final pH was estimated using the Henderson-Hasselbalch equation with knowledge FBPA's pK a (7.2). 33 The hydrogels were synthesized by mixing equal amounts of the PEG macromer solutions.
The mechanical properties of the model hydrogels were measured with a controlled stress rheometer AR-G2 (TA Instruments, New Castles, DE) fitted with a Peltier plate and a 20 mm 41 steel cone fixture. The PEG-Diol and PEG-FPBA solutions (100 mL of each) were directly mixed in the rheometer bottom plate and a solvent trap was used to prevent dehydration. The samples were equilibrated for 5 min prior to testing. The linear viscoelasticity region was determined by oscillatory strain amplitude sweeps at 1 Hz. This region extended up to 20% strain. Oscillatory frequency sweeps were conducted at 2% strain amplitude in the 0.1-100 rad s À1 range, 10 points per decade. Stress relaxation tests were carried out for 3 or 6 minutes at a constant strain of 10%. Analysis and fitting of the data was carried out using built-in non-linear fitting algorithms in OriginPro 8.5, and plotting was done with Microsoft Excel.
Results and discussion
To validate the theory of ideal reversible polymer networks, we carried out a set of stress relaxation and small-amplitude oscillatory shear tests on reversibly crosslinked 4-arm PEG networks at various temperatures (from 5 1C to 45 1C) and pH values (from 6.9 to 8.1). The molecular weight of the macromers was 5000 g mol À1 and they were at a total concentration of 15 mM in aqueous solution.
The relaxation shear moduli G(t) measured for hydrogels at pH of 7.20 and various temperatures as functions of time t was plotted in Fig. 6a (on a semi-log plot) . The curves indicated that the 4-arm PEG reversible network at each temperature indeed behaved as a Maxwell element with a defined instantaneous shear modulus and a single relaxation time, as demonstrated by the single slope.
In principle it is possible to have additional relaxation mechanisms in a polymer network such as entanglements or Rouse-type modes of relaxation. 69, 71 As shown by Sakai and colleagues, 1,2,10 entanglements can be avoided by using small 4-arm macromers near the overlap concentration. As for Rouse chain relaxation, the longest relaxation timescale is given by t 1 B t seg N 2 , where N is the number of Kuhn monomers in the chain and t seg is the relaxation time of a single Kuhn monomer. 69, 71 Since the macromers used in this work have low molecular weight (5000 g mol À1 ), the Rouse relaxation times (B10 À6 -10 À4 s) are at least three orders of magnitude below the reversible crosslink relaxation times, 72 and won't be observed in these experiments. The storage moduli G 0 (o) and loss moduli G 00 (o) measured at various temperatures as functions of frequency o are plotted in Fig. 6b and c. The curves obtained at various temperatures were fitted to the Maxwell model eqn (15) , (16a) and (16b) and plotted as dashed lines. The fitting was adequate and showed the expected scaling as a function of o, that is, G 0 B o 2 and G 00 B o up to the crossover frequency. Deviations on the G 00 (o) curve were seen at high frequencies, observation that will be discussed in the next paragraph. In addition, the instantaneous shear modulus G 0 and relaxation timetof the network obtained from two different tests (stress relaxation and oscillatory rheology) at the same temperature were consistent with each other (Fig. 6d) .
Similarly, the measurements of the 4-arm PEG reversible network at 25 1C and various pH values indicated the network followed the Maxwell model ( Fig. 6e-g) up to the crossover frequency (deviations in G 00 (o) were also present). The measured values of instantaneous shear modulus G 0 and relaxation time t from the two tests at the same pH were also consistent with each other (Fig. 6h ). The results shown in Fig. 6a -h validated the prediction of our theory that ideal reversible polymer networks at various temperatures and pH values have Maxwell-like mechanical responses (the deviations seen at high frequencies will be discussed below). In addition, the results showed that the instantaneous shear moduli G 0 and relaxation timet of the network can be tuned by varying the temperature and pH of the network.
The proposed ideal reversible polymer network theory assumes the association and dissociation of crosslinks takes place at experimental timescales. Therefore the model proposed is applicable when the experimental timescale t exp B 1/o is greater or equal than the dissociation timescale t. When the network is tested in a regime in which t exp { t, the reversible crosslinks cannot dissociate so the network will resemble a covalently-crosslinked network, characterized by no stress relaxation and G 0 and G 00 independent of o. The effect of these two different regimes in rheology experiments is that the networks will exhibit Maxwell behavior up to frequencies near the crossover frequency o c = 1/t, and will transition to the covalent-like regime for frequencies above. The deviations from a Maxwell behavior seen in Fig. 6c and g at high frequencies arose from such transition, as the G 00 curve will plateau to match the scaling at the covalent-like regime. No transition was observed in the G 0 curves as the plateau scaling is already realized.
In order to validate that the proposed methods can control mechanical properties of reversible networks and measure kinetic parameters of reversible crosslinks, we systematically varied the concentration and molecular weight of the 4-arm PEG, the temperature and pH of the network. We then measured G 0 and t for the resultant networks via stress relaxation and small amplitude oscillatory shear rheology tests. In Fig. 7a , we plotted the instantaneous shear moduli G 0 of 4-arm PEG reversible networks with macromer molecular weight of 5k at an estimated pH of 7.2 as functions of macromer concentration and temperature. It is evident that both varying macromer concentration and temperature could be used to tune G 0 . In Fig. 7b , we further plotted the relaxation time values of the same set of reversible networks. While t could be tuned by changing temperature, it could not be significantly tuned by macromer concentration at the same temperature since the properties of reversible crosslinks are not affected by changing macromer concentration alone. These results validated that the mechanical properties of reversible networks can be controlled according to the methods proposed in this work.
In addition, G 0 was proportional to the concentration of elastically-active chains u e (per eqn (10)). With the known u e and the functional group concentration N A , eqn (6) and (17) were solved to determine the equilibrium constants K at every temperature [ Fig. 7c ]. The measured relaxation time t further gave the dissociation rates at every temperature, since k À = 1/t ( Fig. 7d) . Then, the association rates of reversible crosslink at various temperatures were calculated as k + = Kk À (Fig. 7e) . It is noted that the measured K, k À and k + for 4-arm PEG reversible networks did not depend on macromer concentration, as predicted by the theory. By fitting the k + and k À curves to eqn (2a) and (2b), we obtained the activation energies for forward and reverse reactions of the reversible crosslink, respectively. For this network, the values were E A+ = 6.03 AE 0.08 Â 10 À20 J and E AÀ = 6.67 AE 0.15 Â 10 À20 J. These values indicate that the forward reaction was more energetically favorable (with lower activation energy) at pH = 7.2, which led to the formation of a crosslinked network. The kinetic parameters of the reversible crosslink measured by our proposed method were in the same range as published activation energy values (note that the reported numbers are for different boronic acid and diol species). 73, 74 In Fig. 8 , we repeated the process with identical 4-arm PEG reversible networks at a higher pH of 7.7. It can be seen that the trends of G 0 and t vs. temperature measured at this higher pH value ( Fig. 8a and b) were the same as those measured at This journal is © The Royal Society of Chemistry 2018 pH = 7.2 ( Fig. 7a and b) . However, at the same temperature, values for G 0 and t at pH = 7.7 were higher than the corresponding values pH = 7.2, as increasing pH leads to lower dissociation rates and higher equilibrium constants for the phenylboronic acid-diol reversible reaction. [44] [45] [46] [47] These results were consistent with our theory's predictions, and validated that changing pH can also be used to tune G 0 and t of reversible networks. In addition, from the mechanical properties of reversible network, we could again determine the activation energies. These values were E A+ = 6.45 AE 0.24 Â 10 À20 J for the forward reaction and E AÀ = 6.93 AE 0.33 Â 10 À20 J for the reverse one. These values were also in the same range as the published values and higher than the values measured at pH 7.2.
Conclusions
This work introduced ideal reversible polymer networks, defined as networks crosslinked by reversible junctions that would revert to ideal covalent polymer networks if all reversible junctions were replaced by covalent bonds. Through a combination of theory and experiments, we showed that the viscoelasticity of ideal reversible polymer network follows the Maxwell model, characterized by instantaneous shear modulus G 0 and relaxation time t. The value of G 0 for ideal covalent polymer networks can be tuned by varying concentration and molecular weight of the macromers and pH and temperature of the aqueous solution of the network. The relaxation time t is controlled by pH and temperature of the aqueous solution of the network, but not concentration or molecular weight of the macromers. These results not only lay the theoretical foundation for ideal reversible polymer network but also provide simple yet general methods to quantitatively control viscoelasticity of polymer networks and to measure kinetic properties of reversible crosslinks based on their viscoelasticity. We expect the current work will facilitate the design of polymer networks to achieve extraordinary properties via reversible crosslinks and the understanding of reversible polymer networks in various synthetic and biological polymers.
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